Ion beams at the Brookhaven 3.5 MV Research Van de Graaff accelerator have been used for elemental analysis and distribution in biomedical samples. This paper will present results from several collaborations. Both collimated and uncollimated charged particle beams are used for elemental analysis by measurement of characteristic x-rays (PIXE). A collimated proton beam, using a pinhole collimator (-20 pm) has been used as a particle microprobe in the laboratory ambient. Thick, essentially unprepared, samples can be measured with general elemental sensitivities of < 10 ppm. The spatial resolution and elemental sensitivity have proven adequate for many samples of tissue sections and cell clusters. Specimen damage by charged particle beams is discussed and results of cell irradiations by triton beams are presented.
Deuterium localization has been carried out in cell uptake studies using the 2H(3H,n)4He reaction initiated by the triton beam at the accelerator. Alpha particles from the reaction register the deuterium distribution in a plastic track detector. This technique suggests that 3H may be replaced by the stable isotope H in tracer studies. Studies have included the detection of nonexchangeable 2H in oocytes and the uptake of deuterated thymidine in blood cells.
Proton Microbeams
The usefulness of highly collimated beams of heavy charged particles, mainly protons, with beam spot dimensions approaching one micron, was first demonstrated by Cookson1 and has been recently well summarized.2 The technology of proton microbeams has been further developed by many active groups,2-9 several of which have made significant demonstrations of the utility of the proton microprobe to the life science community. Horowitz and Grodzins5,6 have been particularly motivated by biological problems because they do use an external beam of modest current density in a convenient mode of operation. The development of the Melbourne scanning proton microprobe by Legge The proton microprobe system we have used has been previously described. 16 The proton beam emerges through a "pinhole" at the end of the beam pipe after being peaked in intensity by a quadrupole and momentum analyzing bending magnet. No window is used as vacuum is adequately maintained by differential pumping as shown in holes as large as 75-100 pm. The surprise and distraction of window breakage common in early work using kapton windows is therefore avoided. A word should be mentioned about the pinhole itself, which is of importance to the low background response of the system. Heavy metal apertures, typically Mo and Pt, which have adequate thickness to stop the 2.5 MeV protons, are available from electron microscopy supply houses in a wide range of hole sizes. Unfortunately, sufficient beam is still present on the final collimator to produce copious K and L x-rays from the collimator edges and inner surfaces which are then scattered into the detector causing an enormous background. Collimators of lower atomic number, carbon and aluminum, have proved to exhibit low background and can be obtained from EM suppliers on special order. barded with electrons in vacuum but transposed to protons by Cookson by changing the specific ionization. For a beam current of 100 pA "scanned uniformly" and presumably focused to cellular dimensions, it is found that negligible heating occurs in either the cell itself or the entire cell holding system. However this result relies critically on the thermal conductivity of the 100 A aluminum evaporation which is unusual for many sample preparations. If no metallic conductor is used on a -.0003 in thick organic film (nylon, kapton), an overall temperature rise to a target on a suspension system of 100 pm in diameter is 590K and would be greater for larger sample suspension diameters (often > 1 mm). Beam current densities for these remarks are estimated from the given 100 pA beam current and a beam area of -.1 that of the 8 Am red blood cell (5(Pm)2) to be 20 pA/ (jM)2. Even greater heating effects would be expected for "thick" targets due to the energy loss increases and poor thermal conduction to the target backing.
Hansen et al.14 report a novel method for determining temperature rise in a typical PIXE target system for protons and alphas with beam current densities of only .01 pA/(pm)2 and -5 x 10-4 pA/(pm)2. They report sample temperatures of 2250C and 720C which are probably due to the large area, thin, organic sample support.
Legge and MazzolinilO discuss the effects of beam heating and radiation damage primarily from the point of view of ionization effects on chemical bonding. They show elemental yields as a function of time from their scanning system in an unscanned, high beam current density mode (-90 pa/(J,m)2) as used on a thin 5 pim thick biological section. In this example some loss of chlorine, buildup of Ca and negligible mass loss (by bremsstrahlung) was observed; however definitive views on the subject of beam damage were deferred. A scanning system might be expected to deposit considerably less energy per "pixel" or resolution element, dependent on the scan rate; however the beam fluence per resolution element must integrate to that of an unscanned system in order to achieve the requisite elemental sensitivity.
Maggiore9 has summarized the range of beam currentdensities available from the several operational proton microprobes at this time. Beam current density is not the whole answer to the very complicated problem of damage effects, of course, but does serve as a means to estimate the facility's potential utility. Values ranging from 30 to 190 pA/(jm) are mentioned for focused probes which compare with < 5 pA/(j=)2 for that reported for a simple collimated 12.5 pm diameter beam. 16 Several studies have been made on the effect of heavy charged particle beam damage to the morphology of typical cells by Slatkin and Jones, 15, 16 which are relevant to the problem of beam damage. The motivation for these studies was indeed not to address the problems of proton microprobes but to estimate the sensitivity for deuterium micromapping by the D(T,n)4He reaction which will be discussed in a later section. Cells studied included human erythrocytes, leukocytes and mouse oocytes. Irradiation was carried out with 200 keV tritons in -0.3 atmosphere of helium, which give a somewhat higher radiation dose (in Rads or LET) than 2 MeV protons; however it is a more representative exposure than a comparison with electrons.
The cells were presented as a monocellular layer on a standard glass slide which was well heat-sinked to a thicker aluminum backing; the beam was diffused by a thin foil to -2 cm2 in area. For these reasons, sample heating was not believed to play a role and theobservations are attributable primarily to ionizationinduced bond breaking. Several representative and believed important applications are presented. The challenge for microanalytic applications is now not so much in demonstrating technological capability but in demonstrating the application to important biological or physiological problems.
1. The role of zinc in bone formation is well recognized17 but continues to be a developing science.
The high sensitivity for Zn measurement in unprepared samples and good spatial resolution allow the study of several skeletal sites that are expected to exhibit different utilization of elemental zinc. Scans have been made of animal Achilles tendon which ranges from cartilage or very rudimentary "bone" to fully mineralized tissue at the bone end of the structure. Figure  3 is a micrograph of a typical rabbit Achilles tendon Figure 2 studied by point measurements in representative areas labeled by points A, B and C. In young rabbits having predominantly uncalcified tendons, the Zn levels (at A) were found to be only -107. of that of the bone.
However in older animals having a greater degree of tendon mineralization, the zinc concentrations were found to be 31.5, 78.3 and 907°of the bone levels as one approached the bone end of the tendon (A to C). (-10 ppm) ; whereas those from the laterally opposite muscle (the "convex" side) had very nearly unmeasurable selenium as did a "control" sample from the gluteus maximus. Selenium was observed despite quantities of arsenic fixative. Proton microprobe scans were made of these individual fibers, along the fiber, at a time when selenium was unexpected and obscurred by an anomalously high collimator background; further work indicates however that the proton microprobe has adequate sensitivity to scan for Se in muscle structures. The fibers which were sandwiched in formvar and kept wet by a thin bubble of buffer solution remained intact and viable and essentially unadulterated by this technique, giving impetus and enthusiasm for further wet tissue section studies. Selenium was also found in unheparinized (unchelated) whole blood samples from several scholiotic patients as measured by XRF and not found in either the normals studied or any samples which had been treated with heparin. Further work is in progress on blood analyses as there is substantial enzymatic rationale to believe that selenium plays a role in idiopathic scoliosis.
3. Calcium is a key element in muscle function and muscle cell development. Its role in the profound myopathic aspects of Duchenne's muscular dystrophy (DMD) is beginning to be appreciated by ultrastructural studies demonstrating focal defects in the outer muscle membrane which may enhance the influx of extracellular calcium to the muscle fiber. Cellular uptake of anomalously high available calcium may lead to serious impairment of muscle function, symptomatic of DMD.
Proton microprobe examinations have been made of living tissue cultures prepared and grown on standard kapton target slides or frames to search for variable, high calcium levels. Cultures of human DMD skeletal muscles were grown and coupled to mouse spinal cord complex. The test culture was sandwiched between Kapton with nutrient included and studied with the proton microprobe. Calcium was detected at very low levels (10 ppm) in the Duchenne culture and the spinal cord complex but not in the adjacent nutrient or target system. This experience illustrates the advantage of direct manipulation for on-off sample signal to background determination and the requirements for good sample viewing and manipulation over areas in the 100 pm range. Spatial resolution below 10 Am is not required for tissue culture studies nor is high beam current density a virtue for biological samples. The tissue cultures remained essentially intact and living following the irradiation; however slight effects on cell membrances was noticed in subsequent transmission electron micrographs. The ability to discern intracellular calcium with the proton microprobe opens a wide range of studies of cultures subjected to many regimes, sequestering agents, etc.
Deuterium Micromapping Using the D(T,n)4He
Reaction and Plastic Track Detectors
It is appropriate in this review to describe and further illustrate a technique for the measurement and localization of small amounts of deuterium (or tritium) using unique features of the D(T,n)4He nuclear reactionj9
This method combines the measurement of very small quantities of these hydrogen isotopes with microlocalization capable of distinguishing deuterium-labeled cells from nonlabeled cells, for example. The method was developed for a study in which several compounds, particularly thymidine, were to be labeled with a stable organic isotope rather than the more common practice of using a radioactive tracer, with certain obvious attendant disadvantages. Because of its low natural isotopic abundance 2H is a prime candidate for the stable organic label. The potential for the use of deuterated thymidine has been described by Slatkin et al.20 who suggest that significant labeling of DNA in humans may be accomplished by the cellular interaction with administered deuterated thymidine. Biopsy specimens might, therefore, be used to determine if cells from certain tissues contained higher than normal amounts of the 2H label indicating an extraordinary activity involving the cellular DNA. Another suggestion for application concerns the genetic hazard caused by nonexchangeable tritium in the egg cells (oocytes) of female progeny by a mother who has ingested tritium.1
The extent of tritium residence and transferal to the progeny is not known but can be studied without per2urbation by the radioactivity of tritium if the stable H label is used. Many other applications ought to suggest themselves with further description of the technique. The method produces a degree of spatial localization which is comparable to the proton microprobes being developed; however the localization is performed not by the beam but by the detector, a plastic track detector which records the tracks of one of the reaction products.
The total cross section of the D(T,n)4He reaction in the laboratory system for deuteron bombardment approaches 5 b over a broad resonance between 100 to 200 keV and the reaction is characterized by a 17.6 MeV Q-value. Often the 14.4 MeV neutron is of interest; however the 4He receives -3.6 MeV and will have a longer particle range than the low energy, 100 keV, incident tritons or deuterons that initiate the reaction. Therefore, a beam of tritons (or deuterons onto a tritium-containing target) can bombard a thin sample containing deuterium which can be separated from a 4He detector by a thin, -6 pm absorber necessary to prevent the detector from responding to the incident beam. The experimental situation is shown schematically in to the D or T beam-target relationship, the most interesting application has been to enable the "radiography" of deuterium-labeled compounds or organisms as opposed to the common methodology of tritium labeling. Tracer studies with a stable nuclide have many virtues for the life science experimentalist and also utilizes the research Van de Graaff's triton beam. Deuteron bombardment of tritium-labeled samples might also be useful, however, to detect a tritium label promptly rather than wait long periods (weeks or months) for the normal radiographic exposure. Figure 4(a)(b) shows the comparison between the optical micrograph of several human erythrocytes fixed with deuterated formaldehyde and 4(c)(d) human lymphocytes labeled in vitro with deuterated thymidine. One notes the "star burst" effect of the track pattern, which if all tracks were traced to the origin by straight lines could localize the source to within 5 pm. One notes the lack of deuterium uptake in the upper lymphoctye and the generally higher background (lesser relative deuterium) in the lymphocytes. The deuterium observed in Fig. 4 
